Abstract: Biofabrication has gained tremendous attention for manufacturing functional organs or tissues. To fabricate functional organs or tissues, it is necessary to reproduce tissue-specific micro to macro structures. Previously, we developed a custom-made 3D-bioprinter with the capability to print and fabricate 3D complicated hydrogel structures composed of living cells. Through the gelation reaction, fine and complicated 3D gel structures can be fabricated via layer by layer printing. Alginate hydrogel has been used mainly due to its good fabricating properties. However, it is not a reliable platform for tissue regeneration because of its inadequate cell-adhesiveness. Therefore, our laboratory is interested to explore more suitable hydrogels for bioprinting and 3D tissue fabrication. In this study, we tried to fabricate 3D gel structures with enough cell-adhesive properties. We focused on hydrogel formation through enzymatic reaction by incorporating materials bearing phenolic hydroxyl moieties and horseradish peroxidase. We examined Alg-Ph and Alg-Ph/Gelatin-Ph gels. We used a mixed solution of applied materials as bioink and printed into H 2 O 2 solution. We successfully fabricated the 3D gel sheet structures including fibroblasts cultures. Fibroblast proliferation and viability were also observed in the 3D gel sheet for more than one week. In conclusion, the hydrogel obtained through enzymatic reaction is a biocompatible bioink material which can be applied to fabricate 3D cell-adhesive gel structures using a 3D-bioprinter.
Introduction
issue engineering has been significantly progressing toward the final goal of providing human tissues and organs for medical application. Artificially engineered organs such as skin and cartilage have already been applied in clinical medicine [1] [2] [3] [4] [5] . However, successfully engineered organs are still limited to only the organs which have the property of thin tissues with simple structures. The long term target of tissue engineering is to produce major organs such as heart and liver, which are thick and complicated T with micro-scaled structures and are composed of various cell types. Therefore, there are still issues that needed resolution.
Several research groups have made tremendous efforts to artificially fabricate such organs and tissues by using various techniques [6−10] . Tsuda et al. have reportedly fabricated cell-sheets in which heterotypic cell-cell interaction was mimicked by using thermosensitive surfaces of poly (N-isoproylacrylamide) [9] . Using this technique, three dimensional (3D) tissue structures were fabricated by laminating many cellsheets and tissue specific functions were also maintained. Yamada et al. reported that hepatic micro-organoids of hepatocytes in the fabricated hydrogel microfibers maintained liver specific functions such as albumin secretion and urea synthesis for a long time [10] . The abovementioned strategies can be useful to generate a part of tissue possessing specific functions and morphology, and would contribute to the advancement of tissue engineering and regenerative medicine research. However, it is still difficult to artificially reproduce the microarchitecture of tissues or organs, as well as to produce sufficient organ functions. Therefore, it is essential to develop new innovative technologies to construct such sophisticated tissues and organs.
In order to overcome these issues, bioprinting techniques such as laser-induced forward transfer, inkjet printing, and robotic dispensing were developed to make 3D-hydrogel-based constructs [11] [12] [13] . These approaches show good potential and characteristic for tissue engineering. Robotic dispensing systems can use several materials that have high viscosity and gelling mechanisms such as thermal, ionic, and chemical crosslinking. However, resolutions achieved by using robotic dispensing are in the order of 200 µm, which is lower compared to other systems.
Recently, our research group has developed a custom-made inkjet 3D-bioprinter with the capability to eject several ink materials including living cells with sufficient precision and accuracy. Inkjet technology has several advantages such as precise printing with micro level ink droplets, multicolored printing, and digital printing connected to a personal computer [14] .
In our previous work, we reported that several complex 3D gel structures such as multi-layered tubes, 3D-pyramids, and multi-honeycomb structures via layer by layer printing with alginate hydrogel can be successfully fabricated [15] . Sodium alginate solution is well known to form semi-solid hydrogel immediately with calcium ions through ion bonding. Alginate hydrogel is useful in fabricating 3D structures because it can be formed instantaneously [16] . However, it is not the best material for cells to form tissue structures because of its inefficient cell-adhesive characteristics [17] . Thus, it is difficult to culture the cells for a long time and to maintain tissue specific functions. For this reason, our research group is actively engaged in making suitable materials which can form hydrogel or bioink with good cell-adhesive properties.
It has already been reported that hydrogel microcapsules and fibers including living cells can be successfully fabricated by gel formation through the enzymatic reaction of several biomaterials bearing phenolic hydroxyl (Ph) moieties and horseradish peroxidase (HRP). In addition, microcapsule, fiber hydrogels, and co-culture methods show effectiveness in maintaining cell viability [18] [19] [20] .
In this study, we focused on the use of gelation mechanism through the enzymatic reaction of several biomaterials bearing Ph and HRP to fabricate 3D gel structures with cell-adhesive hydrogel as bionic printing material. Our results demonstrated that Alg-Ph/ Gelatin-Ph is a good cell-adhesive bioink material to fabricate 3D cell-adhesive gel structures using a 3D-bioprinter.
Materials and Methods

Materials
Fetal bovine serum, penicillin, streptomycin, PBS, alginate lyase, N-hydroxysuccinimide (NHS), gelatin, trypsin/ EDTA, and trypan blue were purchased from Sigma Aldrich (MO, USA). Sodium alginate solution (Alroid-G) was obtained from Kyosei Pharmaceutical Co., Ltd. (Hokkaido, Japan). Calcium chloride (CaCl 2 ) was purchased from NACALAI TESQUE, Inc. (Kyoto, Japan). Hydrogen peroxide (H 2 O 2 ) and horseradish peroxidase (HRP) were purchased from Wako Pure Chemical Industries (Osaka, Japan). Water soluble carbodiimide hydrochloride (WSC) and MES were purchased from Dojindo Molecular Technologies (Kumamoto, Japan). Tyramine hydrochloride was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dulbecco's modified Eagle's medium (DMEM), calcein-AM, and propidium iodide were purchased from Invitorogen (CA, USA). Acti-stain 488 phalloidin was purchased from Cytoskeleton, Inc. (CO, USA).
The Synthesis of Alginate-Ph and Gelatin-Ph Molecules
The synthetic methods of producing Alginate-Ph (AlgPh) and Gelatin-Ph were based on previously reported methods [21] [22] [23] . Sodium alginate and gelatin were dissolved in MES buffer solution, respectively. These solutions were activated by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide (NHS) for 1 hour. After activation, tyramines containing phenolic hydroxyl (Ph) moieties were added in each solution. The solution was stirred for 24 hours, purified by using a dialysis tube (12,000-14,000 MWCO) against distilled water for 24 hours, and freeze-dried by using a lyophilizer. The synthesized Alg-Ph and Gelatin-Ph were tested by detecting the special peak of Ph with a spectrophotometer. The viscosities of Alg-Ph and Gelatin-Ph solutions were measured and optimized to be used as ink materials for the 3D-bioprinter. The scheme of Alg-Ph and Gelatin-Ph conjugation and hydrogelation by the HRP-catalyzed oxidation reaction is shown in Figure 1 .
Cell Culture and Preparation
The fibroblasts of SWISS 3T3-albino cell line were used. Fibroblasts were cultured in DMEM containing 10% fetal bovine serum, 100 units mL −1 of penicillin, and 100 µg mL −1 of streptomycin.
Fabrication of Gel Structures by Using Mold Method
To evaluate cell behavior of fibroblast in each hydrogels, the gel structures were easily fabricated by using the mold method ( Figure 2 ). For the mold based fabrication, agarose mold was made using the master mold which was prepared in advance. It was immersed into the mixture solution of 5 mM H 2 O 2 and 2% CaCl 2 overnight. A 1.5% Alg-Ph and 1.5% Alg-Ph/0.5% Gelatin-Ph solution including 50 units/mL of HRP and the living cells were poured in the immersed agarose mold for 30 min and the thin gel sheet was formed.
The final cell concentration in each material solution was adjusted to 1×10 6 cells/mL.
3D-bioprinter
Earlier, we developed a custom-made 3D-bioprinter to fabricate 3D complicated structures such as living cells [15] . The developed 3D-bioprinter can be seen in Figure 3A . In this 3D-bioprinter, a piezoelectric inkjet system was used in order to eject living cells and biomaterials as inks via mechanical force without generating high heat ( Figure 3B ). The computer controlled elevator stage was also installed in the 3D-bioprinter system ( Figure 3C ). This stage made the layer by layer fabrication more precise by simply controlling the Z-axis layering. The final concentration of cell for each material solution was adjusted to 6 × 10 6 cells/mL.
Thus, the 3D gel sheet structure including living cell was fabricated by using the 3D-bioprinter.
Cell Viability in Hydrogels
To evaluate cell viability in each hydrogel, the fibroblasts in hydrogels were stained with calcein-AM and propidium iodide (PI). Cell viability was also confirmed using the trypan blue exclusion method. Briefly, each hydrogel was digested by dipping it in 2 mg mL −1 alginate lyase/PBS (+) solution for 20 min. After recovering fibroblast from the hydrogels, cell viability was measured. The cell viability of fibroblasts in each hydrogels was measured at different time intervals (day 1, 3, 5, and 7).
The Observation of Cell Morphology in Each Hydrogel
To observe cell morphology, fibroblasts in hydrogels were stained with F-actin. Cells were fixed with 4% paraformaldehyde/Tris-HCl buffer (TBS) including 50 mM CaCl 2 solution for 30 min. The fixed samples were permeabilized with 0.3% TritonX-100/TBS + 50 mM CaCl 2 solution for 30 min. After permeabilization, the F-actin of fibroblasts in the prepared samples was stained with Alexa Fluor 488 phalloidin. The nuclei of all samples were also stained with Hoechst 33342.
Results
The Synthesis of Alg-Ph and Gelatin-Ph
Synthesized Alg-Ph and Gelatin-Ph were confirmed by measuring peak Ph moieties by using a spectrophotometer. The Ph group of these materials was detected at significantly higher levels as compared to non-treated sodium alginate and gelatin ( Figure 4A ). The viscosity of Alg-Ph and Alg-Ph/Gelatin-Ph are shown in Figure 4B -C. Sodium alginate solution (0.8%) was measured as a control. The viscosity of 1.5% AlgPh solution and 1.5% Alg-Ph/0.5% Gelatin-Ph solution were the same as that of 0.8% sodium alginate solution ( Figures 4B and 4C ).
Cell Viability in Fabricated Hydrogels
To evaluate cell viability, fibroblasts in hydrogels were stained with calcein-AM and propidium iodide (PI) at day 1. As can be seen in Figure 5A , the fibroblasts encapsulated in Alg, Alg-Ph, and Alg-Ph/Gelatin-Ph hydrogels showed a good cell viability rate. Cell viabilities of fibroblasts in fabricated Alg, Alg-Ph, and Alg-Ph/Gelatin-Ph hydrogels were also measured by using the trypan blue method at different time durations such as at 1, 3, 5, and 7 days. The viabilities of fibroblasts in Alg, Alg-Ph, and Alg-Ph/Gelatin-Ph hydrogels are shown in Figure 5B . Almost 80% of cells were alive in all cases.
Observation of Cell Morphology in Each Hydrogel
Fibroblasts in these fabricated gel structures were cultured for 7 days. After cultivation, the F-actin of fibroblasts in these fabricated gel structures were stained with Alexa Fluor 488 phalloidin. As a result, the fibroblasts in Alg and Alg-Ph hydrogels formed an aggregation of cells ( Figures 6A-B) . It was confirmed that a lower number of fibroblasts showed extension in Alg-Ph hydrogels, while larger number of fibroblasts in Alg-Ph/Gelatin-Ph hydrogel showed an enough extension ( Figure 6C ).
Fabrication of Alg-Ph/Gelatin-Ph 3D Gel Structure by 3D-bioprinter
We tried to fabricate the 3D gel structure via 3D-bioprinter using Alg-Ph/Gelatin-Ph as ink materials. Bitmap image data of a mesh structure was used in this study ( Figure 7A) . A 3D computer model of the 3D mesh structure was reconstructed from these bitmap images ( Figure 7B ). Twenty layers were printed layer by layer to fabricate a 3D lattice structure. As a result, the Alg-Ph/Gelatin-Ph 3D gel sheet structure was successfully fabricated by 3D-bioprinter ( Figures  7C-7D ). The Alg-Ph/Gelatin-Ph 3D gel sheet structure Fabrication of 3D gel sheet structure by using a 3D-bioprinter. Bitmap image of mesh structure (A) and 3D computer model (B). The fabricated 3D gel sheet strutrure of Alg-Ph/Gelatin-Ph by using 3D-bioprinter (C). The fabricated gel structure was observed by using a fluorescence microscope (D).
including living cells was fabricated and cultured at different time periods, i.e., 1 day or 7 days (Figures 8-9 ). After cultivation, the F-actin of fibroblasts in the 3D gel sheet structure was stained and observed. It was found that fibroblast morphology was maintained in the fabricated gels at day 1 ( Figures 8D-8F ). On the other hand, the fibroblasts were confirmed to extend in the 3D gel sheet after 7 days of cultivation ( Figures 9D-9F ).
Discussion
There is an increasing demand in tissue engineering and regenerative medicine research to construct 3D structures in vivo. It is well known that tissues and organs have specific properties and components such as capillary vessels, micro-structures, multi-cells, cell interactions, and extracellular matrices (ECMs). However, it is difficult to reconstruct artificial tissues and organs with these tissue specific properties in vitro.
We recently reported the fabrication of 3D alginate gel structures with micro-structures and multi-cell properties by using the 3D-bioprinter [14] [15] . 3D alginate gel structures had been fabricated by crosslinking the calcium ion and carboxyl group of sodium alginate. Alginate hydrogel has been used mainly because of its good fabricating property. However, this fabrication technique is still problematic and show several obstacles that have to be resolved. Firstly, the fabricated alginate gel structures cannot maintain its morphology for a long time. Crosslinking through calcium ion in the alginate hydrogel show gradual weakness due to a low concentration of calcium ion in the medium. Secondly, alginate hydrogel is not suitable for tissue regeneration due to its poor cell-adhesive property. In general, cell adhesion and extension is crucial for the interaction of cell surface membrane and ECM such as collagen, laminin, and fibronectin [24] [25] [26] [27] . Thus, these fabricated gel structures including living cells have not reproduced tissue-specific properties by using the 3D-bioprinter.
In this study, we focused on fabricating 3D gel structures through crosslinking and enzymatic reaction. Recently, Ogushi et al. reported that Alg-Ph, Gelatin-Ph, and CMC-Ph were optimal biomaterials to fabricate hydrogels such as fiber and sphere, and culture cells within the hydrogels [28] . Using a modified strategy, we tried to fabricate the gel structures with living cells through enzymatic reaction by using the 3D-bioprinter for cell culture and evaluation. At first, Alg-Ph and Gelatin-Ph were synthesized as gel materials. The viscosities of Alg-Ph and Alg-Ph/Gelatin-Ph solutions were measured to eject Alg-Ph and Gelatin-Ph solutions by the 3D-bioprinter. Previously, we reported that 3D complicated gel structures can be fabricated via 3D-bioprinter by simply ejecting 0.8% sodium alginate solution as ink material. We optimized the ejection capability of our developed 3D-bioprinting system. Our printer permits the ejection of low viscosity solution (up to 0.8% sodium alginate solution); it is thus not suitable for high viscosity solutions such as collagen and hyaluronic acid. Considering the ejecting issue of our 3D-bioprinter, we fabricated 1.5% Alg-Ph solution and 1.5% Alg-Ph/0.5%Gelatin-Ph solution. Both gel solutions showed viscosity almost similar to 0.8% of sodium alginate solution. These results indicated that Alg-Ph solution and Alg-Ph/Gelatin-Ph solution are suitable inks that can be ejected by our 3D-bioprinter to make the microstructures.
Next, we confirmed cell viability in fabricated 3D gel structures by using the mold method. Liu et al. recently reported Alg-Ph/Gelatin-Ph hydrogel fabrication method for fibroblasts culture. They observed that cell viability was comparatively higher because their fabrication strategy needed a short time to fabricate the gel structure including living cells [18] . However, the fabrication of thick and complicated 3D gel structures using 3D-bioprinters require long processing times. Therefore, the fabricated gel structures including cells were immersed in H 2 O 2 and CaCl 2 solution for a long time. To confirm cell viability in the gel formulated through the enzymatic reaction of Alg-Ph/ Gelatin-Ph and HRP, fibroblasts in hydrogels were stained with calcein-AM and PI at day 1. A majority of cells (about 80%) were stained with calcein-AM, which implied that cells were alive in all cases. This data indicated that cell viability of fibroblasts in hydrogels is not significantly affected by these fabrication processes. In addition, it was observed that fibroblasts cultured in Alg, Alg-Ph, and Alg-Ph/Gelatin-Ph hydrogels maintained high levels of cell viability up to one week. The obtained data demonstrated that hydrogels fabricated through the enzymatic reaction has no adverse effect on the viability of fibroblast cells cultured for a long time.
To further validate the fabricated gels, we observed the morphology of fibroblasts in respective hydrogels. Fibroblasts were stained with F-actin to evaluate the extension of cells in each hydrogel. Most fibroblasts in Alg and Alg-Ph hydrogels exhibited the formation of cell aggregations, while a few cells in Alg-Ph hydrogels showed extension. Ogushi et al. reported that hydrogels formed through the enzymatic reaction had cellular adhesiveness due to hydrophobicity [28] . Proteins such as collagen, gelatin, and fibronectin are absorbed on the hydrophobic surface of the substrate [29] [30] . Therefore, it is expected that the extension of fibroblasts in a Alg-Ph hydrogel is caused by the interaction of cells and ECM absorbed on the Alg-Ph hydrogels. Moreover, several fibroblast cells showed extension in Alg-Ph/Gelatin-Ph hydrogels because gelatin was present in the fabricated hydrogels. These results indicate that 1.5% Alg-Ph/0.5% Gelatin-Ph hydrogel is a promising material for cell adhesion and cell extension.
Finally, we tried to fabricate 1.5% Alg-Ph/0.5% Gelatin-Ph gel structures including living cells by using the 3D-bioprinter. To observe cells in the hydrogels, 3D gel structures including living cells were fabricated. The fabricated gels were cultured for 1-7 days. The Alg-Ph/Gelatin-Ph gel sheet structures including living cells were successfully fabricated by using the 3D-bioprinter. Fibroblasts showed remarkable extension in fabricated gel sheets after 7 days when compared to cell extension observed one day after culture. The obtained data suggests that material such as Alg-Ph/Gelatin-Ph is well suited to fabricate 3D complicated gel structure by 3D-bioprinter. This type of material can possibly be used to reproduce tissue-like structure and tissue-specific functions by fabricating more complicated hydrogel structures including living cells.
Conclusion
In summary, we focused on the use of gelation me-chanism through the enzymatic reaction of several biomaterials bearing Ph moieties and HRP in order to fabricate 3D gel structures with cell-adhesive properties. Alg-Ph and Alg-Ph/Gelatin-Ph gels were examined. It was confirmed that the fibroblasts were viable for 7 days and extended well especially in Alg-Ph/GelatinPh hydrogels. Finally, using Alg-Ph/Gelatin-Ph as ink materials, the 3D gel structure was successfully fabricated. We conclude that Alg-Ph/Gelatin-Ph is a good cell-adhesive bioink material for the fabrication of 3D cell-adhesive gel structures via 3D-bioprinter.
